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Summary
In animal cells,microtubules (MTs) of themitotic appa-
ratus (MA) communicate with the cell cortex to stimu-
late cytokinesis; however, the molecular nature of this
stimulus remains elusive [1–4]. A signal for cytokine-
sis likely involves the MT plus end binding family of
proteins, which includes EB1, p150glued, APC, LIS1,
and CLIP-170. These proteins modulate MT dynamics
and facilitate interactions between growing MTs and
their intracellular targets, including kinetochores, or-
ganelles, and the cell cortex [5–14]. The dynein-dynac-
tin complex mediates many of these microtubule cap-
ture events [11, 15–18]. We report that EB1 and
p150glued interactions are required for stimulation of
cytokinesis in dividing sea urchin eggs. Injected anti-
bodies against EB1 or p150glued suppressed furrow in-
gression but did not prevent elongation of anaphase
astral MTs toward the cortex, suggesting that EB1
and dynactin are both required for communication be-
tween the MA and the cortex. Targeted disruption of
the interaction between EB1 and p150glued suppressed
anaphase astral MT elongation and resulted in a delay
of cytokinesis that could not be overcome by manipu-
lation of the asters toward the cortex. We conclude
that EB1 and dynactin participate in stimulation of the
cleavage furrow, and their interaction promotes elon-
gation of astral MTs at anaphase onset.
Results and Discussion
EB1 Is Required for Initiation of a Cleavage Furrow
We recently showed that MT dynamic state does not af-
fect the ability of the MA to signal cytokinesis as long as
the astral MTs are able to contact the cortex through
their elongation at anaphase onset [19], suggesting
that a mechanism of cortical capture of astral MTs may
exist in order to facilitate communication between the
MA and the cortex at the time of furrow stimulation.
Using dividing sea urchin eggs as a model, we sought
to examine the role of MT plus end binding proteins in
stimulation of cytokinesis. We microinjected a GFP-
EB1 fusion protein and found EB1 localized prominently
*Correspondence: david.burgess@bc.eduto the mitotic spindle, the centrosomes, and to the grow-
ing tips of astral MTs (Figure 1B, and see Movies S1–S3
available with this article online). Confocal time-lapse
movies demonstrate continuous periods of astral MT
elongation toward the poles, whereas less elongation to-
ward the equator was observed (Figure 1B, Movies S2
and S3). Analysis of fluorescence intensity from polar
versus equatorial regions as a reflection of the number
of GFP-EB1-labled MT tips revealed that there was
3.7-fold more GFP-EB1 at the polar cortex as there was
at the equatorial cortex during furrow stimulation (n = 3,
SD = 1.9) (Figure 1C). However, we recently reported
that the number of MTs contacting the polar and equato-
rial cortex is equal at the time of furrow stimulation [19].
Since GFP-EB1 only labels the elongating subset of
MTs, its higher prevalence at the poles and lower preva-
lence at the equator indicates that equatorially directed
astral MTs become stabilized upon contacting the cor-
tex, while the polar-directed astral MTs remain dynamic.
This finding is consistent with other reports showing sta-
bilization of MTs when they contact specific regions of
cortex, such as the site of furrow ingression [15, 20, 21].
We hypothesized that disruption of EB1 function may
affect the timing of cytokinesis, since interaction be-
tween MTs and the cortex is one of the earliest events
required for stimulation of a cleavage furrow. To explore
this, we were able to take advantage of the fact that
blastomeres from the same embryo divide with high
synchrony during the cleavage stage, allowing us to as-
say for temporal effects on furrow initiation in blasto-
meres that had been microinjected with antibodies or
protein constructs (see below), in comparison with unin-
jected blastomeres from the same embryo. Microinjec-
tion of buffer, control proteins, or control immunoglobu-
lin results in an approximately 20 s delay of cytokinesis,
possibly due to reorganization of cytoskeletal elements
required to heal the wound left by injection. In every
experiment reported here, a cytokinesis delay was not
scored as significant unless furrow initiation occurred
a minimum of 2 min later in the injected cell relative to
the uninjected cell. All microinjections were performed
during metaphase, prior to anaphase onset, and the
time of furrow initiation was measured as the time
elapsed between anaphase onset, determined by moni-
toring the chromosomes with Hoechst stain, and the first
appearance of the cleavage furrow.
To test the role of EB1 in furrow initiation, we microin-
jected an affinity-purified EB1 antibody into single blas-
tomeres of two-cell embryos during metaphase. This
antibody specifically crossreacted with sea urchin EB1
on Western blots and revealed EB1 decoration of MT
tips by immunofluorescence (Figure S1), suggesting
that it may be able to block the function of EB1 in live
cells. We found that 16 of 19 cells microinjected with
anti-EB1 were delayed for cytokinesis by an average of
3.5 (61) min, relative to their uninjected sister or to con-
trol injected cells (Figure 1D, Movie S4). We do not com-
pletely understand why there is a delay rather than a
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(A) Confocal images of tubulin immunofluorescence in sea urchin eggs fixed at progressive time points during the first cell division. At meta-
phase, a bipolar spindle and relatively short asters are visible, as well as a network of cortical MTs (far left). At anaphase onset, the asters elon-
gate, and the cortical MTs begin to diminish. The distance between the spindle poles increases, and the astral MTs elongate in all directions as
anaphase progresses. After astral MT contact with the cortex has been uniformly established, the cleavage furrow forms perpendicular to the
mitotic apparatus. Spindle midzone MTs begin to bundle during telophase and persist throughout cytokinesis. Scale bar, 30 mm.
(B) GFP-EB1 was microinjected into fertilized eggs and imaged by time-lapse confocal microscopy. Shown are single frames from time-lapse
movies of anaphase. GFP-EB1 decorates the MTs of the MA, including prominent spindle and centrosome localization, and also tips of astral
MTs. Scale bar, 30 mm.
(C) Quantification of fluorescence from polar (P) versus equatorial (E) regions in confocal images of either MT immunofluorescence or GFP-EB1
demonstrates that, while MT distribution is equal near the cell surface at the time of furrow stimulation with a P:E fluorescence intensity ratio of 1
(n = 3, SD = 0.06), GFP-EB1 fluorescence is 3.7-fold more prominent in the polar regions than in the equatorial regions (n = 3, SD = 1.9).
(D) An affinity-purified polyclonal antibody against EB1 was microinjected into a single blastomere of a two-cell embryo at metaphase (asterisk
indicates injected blastomere). While mitosis proceeded normally in both cells, furrow initiation was delayed by 5 min in the injected cell relative
to its uninjected sister. In 16 of 19 cells, the average delay induced by anti-EB1 injection was 3.5 (61) min.
(E) GST-EB1C was microinjected into a single blastomere of a two-cell embryo at metaphase (asterisk) in order to disrupt the endogenous in-
teraction between EB1 and its effector proteins, APC and p150glued. In 12 of 14 cells injected with GST-EB1C, an average delay of furrow initiation
of 4.5 min was observed. Scale bar, 30 mm.permanent block. Perhaps the injected protein is rapidly
degraded by the protease machinery activated at ana-
phase, inactivated by sequestration or modification, or
swamped out over time by newly synthesized endoge-
nous protein.Anti-EB1 injected and uninjected sisters underwent
anaphase onset simultaneously with their injected sis-
ters and completed mitosis normally, indicating that mi-
totic control proteins such as cyclin B and MAD2 were
not affected (data not shown). These results suggest
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2251Figure 2. Disruption of p150glued Results in a Delay of Furrow Initiation
(A) The actin-rich cortex of fertilized eggs during interphase and dividing eggs was purified, and the cytoplasmic and cortex fractions were
probed on Western blots for the presence of EB1, p150glued, and dynein intermediate chain (DIC). All three proteins were found to be present
in cytoplasm and cortex of interphase and dividing extracts.
(B) Confocal immunofluorescence of p150glued in eggs fixed during progressive time points during their first division. p150glued localized to the
spindle and astral MTs throughout mitosis and cytokinesis. During anaphase, prior to furrow ingression, p150glued accumulated at the equatorial
membrane (arrow). This localization persisted throughout cytokinesis. Scale bar, 30 mm.
(C) A polyclonal antibody against rat p150glued was microinjected into one blastomere of a two-cell embryo during metaphase (asterisk). In
4/5 cells, the average delay of furrow initiation in the injected blastomeres relative to their uninjected sisters was >10 (63) min, with three of
five cells delayed by an average of 10 min and one of five cells failing to furrow within 30 min of observation.
(D) His-p50-dynamitin was microinjected into one blastomere of a two-cell embryo during metaphase (asterisk). In 13 of 14 cells, furrow initiation
was delayed by an average of 6.5 (62.5) min. Scale bar, 30 mm.that EB1 plays an important role in determining the
timing of furrow initiation.
Microinjection of anti-EB1 did not affect EB1’s lo-
calization to MT tips or cause any apparent defect in
anaphase MT growth, as observed by time-lapse confo-
cal microscopy of GFP-EB1 in antibody-injected cells
(data not shown). This suggests that the observed delay
of cytokinesis in anti-EB1-injected cells is the result of
disruption of EB1’s activity at the cortex and may involve
other proteins that interact with EB1, such as APC or
p150glued. To determine whether EB1’s ability to influ-
ence the timing of cytokinesis onset requires interaction
with its effectors APC or p150glued, which bind to the
C terminus of EB1 [22], a C-terminal EB1 construct
(GST-EB1C) was microinjected into single cells of two-
cell embryos. Because EB1C lacks the MT binding do-
main, it has been used as an effective dominant-negative construct to competitively inhibit the endoge-
nous interactions between EB1 and p150glued or APC
[22]. We found that, in 12 of 14 cells, microinjection of
EB1C during metaphase resulted in a cytokinesis delay
of 4.5 min (62) min (Figure 1E, Movie S5) but did not
effect mitotic progression (data not shown). We con-
clude that EB1 influences the timing of furrow initiation
through interaction with one or both of its effectors,
either p150glued or APC.
p150glued Localizes to the Cleavage Furrow
and Is Required for Initiation of Cytokinesis
Because p150glued has been shown to interact with EB1,
is a known MT plus end binding protein [23], and is part
of the cortical dynein-dynactin complex [24], we per-
formed cell fractionation to purify the cytoskeletal cortex
[25]. p150glued, the dynein intermediate chain (DIC), and
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(A) EB1 was immunoprecipitated from interphase (Int.) and dividing (Div.) egg extracts. The input and elution fractions were then probed on West-
ern blots for p150glued, dynein intermediate chain (DIC), and EB1. During interphase and cytokinesis, p150glued and DIC coimmunoprecipitated
with EB1.
(B) In vitro pull-down assays using Sepharose bound GST, GST-EB1C, EE, and ED. Cytokinesis extracts were incubated with equal amounts of
each fusion protein. Beads were boiled in SDS-PAGE sample buffer and probed on Western blots for p150glued. p150glued interacted with EB1C
and EE, and only a faintly detectable interaction was observed with ED. The Coomassie-stained gel shows the relative amount of GST-fusion
protein that was incubated with each sample in the pull down assay.
(C) GST-EB1C-EE was microinjected into one blastomere of a two-cell embryo during metaphase (asterisk). In 10 of 12 cells, furrow initiation was
delayed by an average of 4.5 (61) min. Scale bar, 30 mm.
(D) GST-EB1C-ED was microinjected into one blastomere of a two-cell embryo during metaphase (asterisk). In 13 of 13 cells, no significant delay
of furrow initiation was observed. Scale bar, 30 mm.EB1 were detected in isolated cortices of interphase and
dividing eggs (Figure 2A). Immunofluorescence showed
that p150glued localizes to the MA, to the cortex, and to
cytoplasmic puncta that are likely astral MT ends
(Figure 2B). p150glued was also found at the membrane
during late anaphase and concentrated in the furrow of
dividing cells (Figure 2B).
To test whether p150glued is required for cytokinesis,
we microinjected p150glued antibody into single cells of
two-cell embryos during metaphase. Of five anti-
p150glued-injected cells, three were delayed by 10 (63)
min relative to their uninjected sister cells, and one ofthe five failed to initiate a cleavage furrow over 30 min
of observation (Figure 2C, Movie S6). These cells under-
went anaphase onset simultaneously with their un-
injected sisters and completed mitosis normally (data
not shown). We also microinjected the p50-dynamitin
subunit of the dynactin complex in order to disrupt the
function of p150glued [26]. We found that 13 of 14 p50-dy-
namitin-injected cells were delayed for furrow initiation
relative to their uninjected sisters by an average of 6.5
(62.5) min (Figure 2D, Movie S7). Our results demon-
strate that p150glued as part of the dynactin complex is
involved in promoting furrow formation.
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2253Figure 4. Interaction between EB1 and p150glued during Anaphase Promotes Astral MT Elongation and Stimulation of the Cleavage Furrow
(A) GST-EB1C-EE was microinjected into one blastomere of a two-cell embryo during metaphase (asterisk), which had been injected with GFP-
EB1 at the one-cell stage so that MT dynamics could be observed by confocal time-lapse microscopy. Although the embryo is slightly rotated
relative to the confocal plane, astral MT dynamics were apparent. During metaphase, both blastomeres had short asters with highly dynamic
MTs (left). During anaphase, astral MTs were seen to elongate in the uninjected cell but remained short in the EE-injected cell (middle). The un-
injected cell formed a cleavage furrow after astral MT contact had been established with the cortex; however, the injected cell whose MTs failed
to elongate never initiated a cleavage furrow. Scale bar, 20 mm.
(B) One blastomere of a two-cell embryo was microinjected with EE at metaphase (asterisk). Following microinjection, the MA was micromani-
pulated toward the cortex in order to assess whether or not induced contact between the astral MTs and the cortex could rescue the delay of
furrow initiation caused by interference with the EB1-p150glued interaction due to EE injection. In three of three cells, the EE-injected blastomeres
were delayed for furrow initiation by an average of 5.5 (61.5) min, indicating that the EB1-p150glued interaction is required for stimulation of
cytokinesis. Scale bar, 30 mm.
(C) Disruption of the dynactin complex by p50-dynamitin injection causes a delay of furrow initiation but does not suppress astral MT elongation.
His-p50-dynamitin was microinjected into one blastomere of a two-cell embryo at metaphase (asterisk) that had been previously injected with
GFP-EB1 during the one-cell stage so that the MT dynamics could be observed by confocal time-lapse microscopy. The p50-injected blastomere
was delayed for furrow initiation relative to its uninjected sister, despite the fact that astral MT elongation occurred at anaphase onset in both
cells. Scale bar, 30 mm.
(D) The p50-injected blastomere was inhibited for furrow initiation but still underwent anaphase astral MT elongation. Tips of GFP-EB1-deco-
rated astral MT tips that have elongated beyond their metaphase distance from the centrosomes are indicated with arrows. Scale bar, 20 mm.Interaction between EB1 and p150glued Is Required
for Initiation of Cytokinesis
To confirm that EB1 and p150glued interact during the cell
cycle, we performed immunoprecipitation of EB1 from
interphase and dividing egg extracts and found that
p150glued coimmunoprecipitated (Figure 3A). DIC was
also detected in the immuonoprecipitated complex,
suggesting that EB1 interacts with the dynactin complex
(Figure 3A). In vitro pull-down assays using purified do-
mains of EB1 confirmed that the C-terminal domain of
EB1 is sufficient for the interaction between EB1 and
p150glued (Figure 3B).
To determine if EB1 and p150glued interaction is spe-
cifically required for stimulation of cytokinesis, we uti-
lized mutant constructs of EB1C that selectively inhibit
or permit interaction between EB1 and p150glued.
EB1C-EE (EE) binds to p150glued in dividing sea urchinegg extracts (Figure 3B), but we have previously shown
that EE interacts only weakly with APC [22]. Ten of 12
metaphase cells microinjected with EE were delayed
for initiation of cytokinesis by an average of 4.5 (61)
min relative to their uninjected sister cells (Figure 3C,
Movie S8), but no delay in anaphase onset or mitotic
progression was noted (data not shown). A second con-
struct, EB1C-ED (ED), has diminished capacity to bind
p150glued in dividing sea urchin egg extracts (Figure 3B).
We predicted that ED would not inhibit the endogenous
EB1-p150glued interaction or induce a cytokinesis delay.
Consistent with this hypothesis, we observed no signif-
icant delay of cytokinesis onset in 13 of 13 cells when
microinjected with EB1C-ED at metaphase (Figure 3D,
Movie S9) and conclude that EB1 and p150glued interact
during anaphase to promote furrow formation at the
correct time.
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for Anaphase Astral MT Elongation
To determine if the EB1-p150glued interaction is involved
in promoting anaphase MT elongation, we microinjected
EE into one blastomere of a two-cell embryo that had
been microinjected with GFP-EB1 at the one-cell stage.
During metaphase, rapid growth of short astral MTs
was evident in both EE-injected and uninjected cells (Fig-
ure 4A, Movie S10). After anaphase onset, astral MT elon-
gation was observed in the uninjected control cell but
failed to occur in three of three EE-injected cells
(Figure 4A, Movie S10). Microinjection of EB1C-ED,
which does not bind p150glued, did not suppress astral
MT elongation at anaphase (data not shown). While
both EB1 and p150glued have been shown to promote in-
terphase MT elongation in tissue culture cells [12], our
findings represent the first demonstration that these pro-
teins have a function in anaphase astral MT elongation.
EB1-p150glued Interaction Is Required for Stimulation
of Cytokinesis, Independently of Its Role in
Anaphase Astral MT Elongation
If the interaction between EB1 and p150glued served
solely in MT elongation at anaphase, then the cytokine-
sis delay that results from disruption of this interaction
by EE microinjection should be rescued by bringing
the MA into contact with the cortex. To test this, we
microinjected EE into single blastomeres of two-cell
embryos at metaphase and then, using a technique
pioneered by Rappaport [27], we micromanipulated the
MA of the injected cell toward the cortex with a glass
needle and compared the timing of cytokinesis in the
microinjected/micromanipulated blastomeres to that
of their control sister cells. We found that manipulation
of the MA in three of three EE-injected cells into contact
with the cortex did not rescue the delay of cytokinesis
relative to their uninjected sister cells (Figure 4B, Movie
S11). In uninjected control cells, this micromanipulation
results in acceleration of furrow initiation [28]; however,
in EE-injected cells, we observed an average 5.5 (61.5)
min delay of cytokinesis despite the manipulation (Fig-
ure 4B, Movie S11). Therefore, the proximity of the MA
to the cortex had no affect on stimulation of cytokinesis
in cells whose EB1-p150glued interaction had been dis-
rupted by EE. Since MT contact with the cell cortex
was not sufficient to rescue this delay, we conclude that
the dynactin complex in conjunction with EB1 is re-
quired for in-furrow initiation.
We predicted that p50-dynamitin injection would per-
mit anaphase astral MT elongation, since p50-dynamitin
targets the dynactin complex playing a role in the cortex
during cell division [26] and not specifically the EB1-
p150glued interaction. Therefore,we microinjected single-
cell embryos with GFP-EB1, followed by microinjection
of p50-dynamitin into a single blastomere at metaphase
of the two-cell stage (Figures 4C and 4D, Movie S12 and
S13). We monitored MT growth in the p50-dynamitin-
injected cells in comparison to their uninjected sisters.
p50-dynamitin injection did not suppress anaphase as-
tral MT elongation, despite the fact that it suppressed
furrow initiation in four independent experiments (Fig-
ures 4C and 4D, Movie S12 and S13).
Since dynein and dynactin are known to be involved in
capturing astral microtubules at the cell cortex for MAorientation, the results reported here are consistent with
such an interaction during furrow induction [15, 16, 29].
The presence of dynactin at the furrow membrane sug-
gests that the dynein MT motor complex may contribute
to furrow formation. We conclude that the dynactin com-
plex is required for furrow stimulation, independent of
p150glued’s role in promoting astral MT elongation at ana-
phase onset, and that interaction with EB1 mediates
both of these functions during the completion of mitosis
and stimulation of cytokinesis. While other proteins are
likely to be involved in promotion of anaphase astral
MT elongation, as well as communication between the
MA and the cell cortex in order to stimulate a cleavage
furrow, the studies shown here support a role for the
MT plus end binding proteins EB1 and p150glued in these
processes. Cortical capture of MTs by membrane-asso-
ciated dynactin could function to establish communica-
tion between the MA and the actin cortex so that addi-
tional machinery can be trafficked to the appropriate
location for cytokinesis or allowing for activation of spe-
cific interacting proteins in the cortex for contractile ring
assembly.
Supplemental Data
Supplemental Data include one figure and Supplemental Experi-
mental Procedures and can be found with this article online at
http://www.current-biology.com/cgi/content/full/15/24/2249/DC1/.
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